cellular nucleotides via activation of P2 purinergic receptors influence hepatocyte proliferation and liver regeneration in response to 70% partial hepatectomy (PH). Adult hepatocytes express multiple P2Y (G protein-coupled) and P2X (ligand-gated ion channels) purinergic receptor subtypes. However, the identity of key receptor subtype(s) important for efficient hepatocyte proliferation in regenerating livers remains unknown. To evaluate the impact of P2Y2 purinergic receptor-mediated signaling on hepatocyte proliferation in regenerating livers, wild-type (WT) and P2Y2 purinergic receptor knockout (P2Y2Ϫ/Ϫ) mice were subjected to 70% PH. Liver tissues were analyzed for activation of early events critical for hepatocyte priming and subsequent cell cycle progression. Our findings suggest that early activation of p42/44 ERK MAPK (5 min), early growth response-1 (Egr-1) and activator protein-1 (AP-1) DNA-binding activity (30 min), and subsequent hepatocyte proliferation (24 -72 h) in response to 70% PH were impaired in P2Y2Ϫ/Ϫ mice. Interestingly, early induction of cytokines (TNF-␣, IL-6) and cytokine-mediated signaling (NF-B, STAT-3) were intact in P2Y2Ϫ/Ϫ remnant livers, uncovering the importance of cytokine-independent and nucleotidedependent early priming events critical for subsequent hepatocyte proliferation in regenerating livers. Hepatocytes isolated from the WT and P2Y2Ϫ/Ϫ mice were treated with ATP or ATP␥S for 5-120 min and 12-24 h. Extracellular ATP alone, via activation of P2Y2 purinergic receptors, was sufficient to induce ERK phosphorylation, Egr-1 protein expression, and key cyclins and cell cycle progression of hepatocytes in vitro. Collectively, these findings highlight the functional significance of P2Y2 purinergic receptor activation for efficient hepatocyte priming and proliferation in response to PH. extracellular ATP; P2Y2 purinergic receptors; partial hepatectomy; hepatocyte proliferation; liver regeneration LIVER REGENERATION IN RESPONSE to partial hepatectomy (PH) is a highly coordinated process involving a complex interplay of multiple humoral factors and integration of cell signaling in parenchymal and nonparenchymal cells (45). In response to PH, adult hepatocytes are "reprogrammed" to undergo cell cycle progression and proliferation until tissue restitution is achieved. The factor(s) that trigger cell cycle progression of hepatocytes in response to PH as well as cellular events that play a role in the reestablishment of quiescence upon the completion of liver growth are not well understood.
LIVER REGENERATION IN RESPONSE to partial hepatectomy (PH) is a highly coordinated process involving a complex interplay of multiple humoral factors and integration of cell signaling in parenchymal and nonparenchymal cells (45) . In response to PH, adult hepatocytes are "reprogrammed" to undergo cell cycle progression and proliferation until tissue restitution is achieved. The factor(s) that trigger cell cycle progression of hepatocytes in response to PH as well as cellular events that play a role in the reestablishment of quiescence upon the completion of liver growth are not well understood.
In response to 70% PH, the remnant livers are subjected to elevated shear stress and trigger the release of factors believed to play key roles in the initiation of proliferative response in hepatocytes (1, 15, 60) . Cellular stress including shear stress is a potent trigger for ATP release. Extracellular ATP, via the activation of cell surface P2 purinergic receptors, influences cell signaling, activation of transcription factors, and gene expression (5, 18) . In recent years, extracellular ATP is beginning to be recognized as a potential humoral factor influencing multiple liver functions in an autocrine and paracrine manner (58, 70) . We have previously shown that extracellular ATPmediated P2 purinergic receptor activation induces mitogenic signaling and hepatocyte proliferation of primary rat hepatocytes in vitro (67) . Our studies in rats infused with P2 purinergic receptor antagonist PPADS prior to 70% PH suggested a role for extracellular ATP-mediated P2 purinergic receptor activation in regenerating livers (67) . Recent studies have provided evidence for the rapid release of adenine nucleotides in response to PH and for the requirement of CD39/ENTPD1-mediated catalysis of extracellular nucleotides for efficient liver regeneration (6, 14, 25, 27) . These studies highlight the importance of extracellular ATP-mediated purinergic signaling in liver regeneration.
Extracellular ATP effects could potentially be mediated via the activation of multiple isoforms of P2Y (G protein-coupled) and P2X receptors (ligand-gated ion channels) expressed in the liver, but the P2 purinergic receptor subtype(s) important for efficient hepatocyte proliferation remains unknown (5, 22, 26) . P2Y2 purinergic receptors are beginning to be recognized as key mediators of proliferation in a number of cell types, but their role in hepatocyte cell cycle progression is not well characterized. In addition to activation of mitogenic signaling pathways that activate cell cycle progression, P2Y2 purinergic receptor activation has the potential to transactivate growth factor-mediated cell signaling and potentiate the effects of EGF on cell cycle progression. The present studies were designed to test the functional significance of P2Y2 purinergic receptor signaling in regenerating livers and to identify the P2Y2 receptor-mediated early events critical for efficient hepatocyte priming and proliferation in response to PH. Normal embryonic liver growth and development in P2Y2Ϫ/Ϫ mice renders this mouse model a valuable tool in the analysis of perinatal hepatocyte proliferation and liver regeneration in response to 70% PH (32) .
Within minutes of PH, activation of mitogen-activated protein kinases (MAPK) and immediate early genes such as Egr-1 (early growth response-1) and activator protein-1 (AP-1) and degradation of extracellular matrix via the activation of the plasminogen-plasmin system and matrix metalloproteases contribute toward a well-coordinated gene expression program that drives cell cycle progression and proliferation of hepatocytes in remnant livers. Egr-1, a key zinc-finger transcription factor, is induced in the remnant livers within 30 min of PH, and Egr-1-deficient mice had impaired hepatocellular mitotic progression and liver regeneration in response to hepatectomy (40, 54, 64) . Egr-1 drives cell cycle progression, presumably at G 0 /G 1 transition via transcriptional activation of thymidine kinase (48) . Egr-1 was required for timely hepatocyte cell cycle progression at both G 0 /G 1 and G 1 /S transition after acute carbon tetrachloride exposure (56) . However, the identity of humoral factor(s) responsible for the induction of Egr-1 during liver regeneration has remained elusive. Recent studies suggest that extracellular ATP is a potent stimulus for the induction of Egr-1 in multiple cellular systems in vitro (43, 55) . Therefore, we reasoned that, in response to PH, elevated shear stress and ATP release into the extracellular milieu, via activation of P2Y2 purinergic receptors, could play a key role in the induction of Egr-1 and the early signaling events necessary for efficient hepatocyte proliferation.
Our findings suggest that hepatocyte priming and cell cycle progression in response to PH is impaired in P2Y2Ϫ/Ϫ mice. Early activation of p44/42 ERK MAPK signaling (5 min), induction of immediate early genes Egr-1 and AP-1 DNAbinding activity (30 min), as well as hepatocyte proliferation, as assessed by bromodeoxyuridine (BrdU) incorporation (24 -72 h), were all impaired in P2Y2Ϫ/Ϫ. This demonstrates that extracellular ATP-mediated P2Y2 purinergic receptor activation is critical for efficient hepatocyte cell-cycle progression (G 0 /G 1 and G 1 /S phase) in response to 70% PH. Moreover, extracellular ATP treatment alone was sufficient to induce p44/42 ERK MAPK signaling, Egr-1 protein, cyclins (D1, D3, and A), and BrdU incorporation in primary hepatocytes in vitro, which were dependent on intact P2Y2 purinergic receptor expression in hepatocytes.
MATERIALS AND METHODS
Partial hepatectomy. Wild-type mice (WT; C57BL6/J) were purchased from Jackson Laboratory (Bar Harbor, ME) and P2Y2Ϫ/Ϫ mice in C57BL6/J background were a kind gift from Dr. Beverly Koller of University of North Carolina Chapel Hill (32) . Mice were housed in a temperature-controlled animal facility with 12-h lightdark cycles and were maintained on standard diet and water. All experiments were conducted in accordance with the National Institutes of Health Guidelines for the Care and Use of Laboratory Animals and approved by the Institutional Animal Care and Use Committee of Baylor College of Medicine.
Adult male mice (10 to 14 wk; WT and P2Y2Ϫ/Ϫ) were subjected to 70% PH under isoflurane anesthesia based on the method described by Higgins and Anderson (31) . Briefly, the left lateral and median lobes were individually ligated and excised, and the right lateral and caudate lobes (remnant livers) were harvested at various time points (5 min to 8 days). To assess hepatocyte proliferation in response to PH, mice subjected to hepatectomy were injected with BrdU (50 mg/kg) 2 h prior to the harvest of liver tissue and the liver sections were immunostained for BrdU incorporation (44) .
Immunohistochemistry. Formalin-fixed and paraffin-embedded liver sections or primary hepatocytes grown on collagen-coated coverslips were stained for BrdU-positive nuclei with the BrdU labeling and detection kit (Roche, Indianapolis, IN) according to manufacturer's instructions. We analyzed 20 randomly selected high-power fields (ϫ20) either from liver sections from four to five mice per group or from hepatocytes on coverslips. The number of BrdU-positive hepatocytes was counted and expressed as a percentage of total number of hepatocytes, as visualized by counterstaining with hematoxylin. Liver sections were analyzed for ␤-catenin expression by incubation with anti-␤-catenin antibody (BD Biosciences, San Jose, CA). Morphometry of hepatocytes was performed by using the digital photomicrographs of hematoxylin and eosin-stained liver sections of WT and P2Y2Ϫ/Ϫ mice that were acquired with a SPOT digital camera (Diagnostic Instruments, Sterling Heights, MI). The mean diameter of hepatocytes (in m) was calculated with computer-assisted image analysis software (Image-Pro Plus 5.1, Media Cybernetics, Silver Spring, MD). A minimum of 10 randomly selected high-power fields (ϫ40) were examined to determine the mean hepatocyte diameter.
Hepatocyte isolation and culture. Hepatocytes were isolated from 8-to 12-wk-old WT and P2Y2Ϫ/Ϫ male mice by the two-step collagenase perfusion protocol as described previously, with modifications optimized for mice (7, 44, 67) . Hepatocyte preparations with viability over 95%, as screened by Trypan blue exclusion assay, were seeded at a low density of 200,000 cells/35 mm on Primaria tissue culture wells (Becton Dickinson Labware, Franklin Lakes, NJ) or collagen-coated glass coverslips in Williams E complete media with additives (10% fetal bovine serum, 2 mM glutamine, 400 ng/ml dexamethasone, 2.5 g/ml insulin, 4 ng/ml glucagon, 2.5 g/ml transferrin, 2.5 ng/ml sodium selenite, 10,000 U/ml penicillin, 10,000 g/ml streptomycin, 50 g/ml gentamycin) for 3 h to ensure hepatocyte adherence to plates. Subsequently, hepatocytes were maintained in Williams E minimal media free from serum and growth factors for 24 h prior to treatment with ATP or ATP␥S (7, 44, 67) .
Western blotting. Total protein extracts were obtained by homogenizing liver tissues in total lysis buffer (50 mM Tris·HCl, pH 7.5, 0.5 M NaCl, 2 mM EDTA, 2 mM EGTA, 1.0% Triton X-100, 0.25% deoxycholate, 1.0 mM phenylmethylsulfonyl fluoride, 1 g/ml pepstatin, 1.0 g/ml leupeptin, 1.0 g/ml aprotinin, 2.0 mM NaF, 2.0 mM activated Na3VO4) and centrifuging at 14,000 rpm for 10 min (44). Nuclear protein extracts were prepared as described previously (33, 35) . Briefly, liver tissues were gently homogenized in lysis buffer (25 mM Tris buffer, pH 7.5 containing 0.5 mM EDTA, 1.5 mM MgCl 2, 420 mM NaCl, and protease inhibitors). Nuclear fractions were isolated by centrifugation at 4,000 rpm, and proteins were extracted with 25 mM Tris buffer, pH 7.5, containing 1 mM EDTA, 2 mM MgCl2, 50 mM KCl, 1 mM DTT, and protease inhibitors, by incubating at 4°C for 30 min and centrifuging at 14,000 rpm for 5 min (44) . Equal amounts of total or nuclear proteins as determined by BCA protein assay (Pierce, Rockford, IL) were analyzed by Western blotting as described previously. Blots were probed with antibody specific for histone H3 (nuclear) or ␣-tubulin or ␤-actin (total protein) to ensure equal loading of proteins in each lane (44) .
EMSA. Nuclear protein extracts from the resected lobes (0 h) and remnant livers harvested at various time points post-PH were analyzed for Egr-1 (0.5 h), AP-1 (0.5 h), and NF-B (1 h) DNA-binding activity by electrophoretic mobility shift assay (EMSA) as described previously (33) . Briefly, 10 g of nuclear protein extracts were incubated with poly-dI-dC (1 g/ml) in binding buffer for 10 min at 4°C prior to incubation with 2 ϫ 10 4 cpm of 32 P end-labeled oligonucleotide as described previously (33) . Specificity of DNAbinding activity was determined by the addition of 100-fold molar excess of the specific consensus or mutant unlabeled oligonucleotides in the binding reaction mixtures, along with the radiolabeled nucleo-tides. Gels were dried and autoradiographed by using Hyperfilm (Amersham) at Ϫ70°C for 1 to 3 days (44, 67) .
Real-time qRT-PCR. Total RNA was isolated from the resected lobes (0 min) and remnant livers harvested at 0.5 to 72 h post-PH, by using Qiagen RNeasy mini kit according to manufacturer's instructions (Qiagen Sciences, Germantown, MD). Complementary DNA (cDNA) synthesis was performed by reverse transcription of total RNA (2 g) with high-capacity cDNA reverse transcription kit (Applied Biosystems, Foster City, CA). The cDNA product was amplified by quantitative reverse-transcriptase polymerase chain reaction (qRT-PCR) in a ABI Prism 7,700 sequence-detection system using TaqMan Universal PCR master mix (Applied Biosystems) with SYBR Green. Primer sequences: p21 (Forward 5=-gctgtcttgcactctggtgt-3=; Reverse 5=-ctgcgcttggagtgatagaa-3=), p27 (Forward 5=-tctcaggcaaaactctgagga-3=, Reverse 5=-cttcctcatccctggacact-3=), Egr-1 (Forward 5=-agcgaacaaccctatgagcac-3=, Reverse 5=-tcgtttggctgggataactcg-3=), TNF-␣ (Forward 5=-catcttctcaaaattcgagtgacaa-3=, Reverse 5=-tgggagtagacaaggtacaaccc-3=), and IL-6 (Forward 5=-ccggagaggagacttcacaga-3=, Reverse 5=-agaattgccattgcacaactctt-3=). Quantitative expression values were extrapolated from standard curves and normalized to cyclophilin, as described previously (37) .
Statistical analysis. Data are presented as means Ϯ SE. The statistical significance of difference between groups was analyzed by unpaired Student's t-test. Values of P Ͻ 0.05 were considered statistically significant.
RESULTS
Hepatocyte proliferation and cell-cycle progression in response to PH is impaired in P2Y2Ϫ/Ϫ. We first analyzed the influence of P2Y2 receptors on hepatocyte proliferation, as determined by the incorporation of BrdU in hepatocyte nuclei at 24, 45, and 72 h after hepatectomy. Partial hepatectomy induced robust DNA synthesis in WT, with 36% of hepatocytes BrdU positive at 45 h post-PH. Hepatocyte proliferation was significantly impaired in the P2Y2Ϫ/Ϫ, however, with BrdU labeling detected in only 15% of hepatocytes (Fig. 1A) .
To characterize the role of P2Y2 purinergic receptor signaling in hepatocyte cell cycle progression, nuclear protein extracts isolated from the resected lobes (0 h) and remnant livers harvested at 24, 45, and 72 h post-PH were analyzed by Western blotting for key regulators of cell-cycle progression. Early induction of cyclin D1, PCNA, and cyclin A were attenuated in P2Y2Ϫ/Ϫ remnant livers (24 h post-PH), comparable at 45 h post-PH, and significantly attenuated at 72 h post-PH, compared with WT ( Fig. 1, B-D) .
In additions to cyclins, cyclin-dependent kinase inhibitors (CDKI) such as p21
Waf1 and p27 Kip1 are known to modulate the rate and extent of cell cycle progression in regenerating livers. p21 mRNA induction at 24, 45, and 72 h post-PH was comparable between the WT and P2Y2Ϫ/Ϫ (Fig. 1C) . However, p27 mRNA expression was elevated in P2Y2Ϫ/Ϫ livers at 45 h post-PH, compared with WT (Fig. 1E) .
Extracellular ATP-mediated activation of hepatocyte cell cycle progression in vitro is dependent on P2Y2 expression. Isolated primary hepatocytes in culture is a well-established in vitro model system for the study of hepatocyte proliferation, especially the characterization of direct effects of growth factors on hepatocytes and their influence on stepwise induction of key cyclins driving cell cycle progression. These studies have established that hepatocytes undergo a "growth restriction point" at late G 1 phase, based on observations that growth factor stimulation and induction of cyclin D1 is necessary for hepatocyte cell cycle progression beyond this point (42) . We have previously shown that extracellular ATP treatment alone is sufficient to induce cell cycle progression of rat hepatocytes in vitro (67) .
To determine whether P2Y2 purinergic receptor activation is necessary for ATP-mediated effects on hepatocyte cell cycle progression, primary hepatocytes isolated from the WT and P2Y2Ϫ/Ϫ mice were treated with ATP for 12-24 h. Our results suggest that ATP treatment alone was sufficient to induce cyclin D1 protein induction as early as 12 h in the WT hepatocytes. Cyclin D1 induction was significantly attenuated in P2Y2Ϫ/Ϫ hepatocytes at 12, 18, and 24 h, compared with WT controls (Fig. 2, A-D) . Cyclin D3 induction was detectable at 12 h after ATP treatment with peak induction seen at 18 h. Similar to our findings with cyclin D1, cyclin D3 induction in response to ATP treatment at 12, 18, and 24 h was dependent on intact P2Y2 expression in hepatocytes (Fig. 2, A-D) .
We next evaluated the induction of PCNA, a cofactor for DNA replicase and a well-established marker for DNA synthesis, induced at late G 1 and G 1 /S transition. PCNA induction was detectable as early as 18 h after ATP treatment of WT hepatocytes, which was absent in P2Y2Ϫ/Ϫ hepatocytes. At 24 h after treatment, PCNA protein induction was significantly attenuated in P2Y2Ϫ/Ϫ hepatocytes (0.2-fold), compared with WT (3.9-fold) ( ATP can be degraded to ADP and adenosine by ectonucleotidases expressed in hepatocytes (5, 39) . To rule out the possibility that ATP treatment effects on hepatocyte proliferation are confounded by the generation of ATP breakdown products in culture, primary hepatocytes isolated from the WT mice were treated with ATP␥S (nonhydrolyzable analog of ATP) for 24 h and total protein extracts were analyzed by Western blotting. ATP␥S treatment alone was sufficient to induce cyclin D1 expression in primary hepatocytes (Fig. 2E) .
To validate our observations that extracellular ATP-mediated activation of P2Y2 purinergic receptor alone was sufficient to induce cyclins (D1, D3, and A) and PCNA protein expression in hepatocytes in vitro and to assess the functional significance of P2Y2 purinergic receptor expression for hepatocyte proliferation, primary hepatocytes isolated from the WT and P2Y2Ϫ/Ϫ were treated with ATP for 24 h. Suggesting a role for P2Y2 purinergic receptors in extracellular ATP-mediated hepatocyte proliferation, ATP treatment alone was sufficient to induce hepatocyte proliferation in vitro as evidenced by 33% of BrdU labeling in WT, whereas hepatocyte proliferation was attenuated in P2Y2Ϫ/Ϫ (20%), compared with WT ( Fig. 2F ). These findings suggest that intact P2Y2 purinergic receptor expression is necessary for efficient hepatocyte proliferation in vitro, in response to ATP treatment. early activation of p42/44 ERK in response to PH was attenuated in P2Y2Ϫ/Ϫ livers (Fig. 3A) .
Early activation of p44/42 ERK in response to PH is im-

Immediate early genes Egr-1 and AP-1 DNA-binding activity is attenuated in P2Y2Ϫ/Ϫ.
In response to 70% PH, hepatocytes in remnant livers are the first to enter cell cycle and transition from G 0 to G 1 , which is characterized by the induction of immediate early genes, most notably Egr-1 (51, 54, 64) . Partial hepatectomy activated a robust and early induction of Egr-1 protein expression (4.0-fold) in remnant livers, which was significantly attenuated in P2Y2Ϫ/Ϫ (1.6-fold) (Fig. 3B) . Partial hepatectomy induced Egr-1 DNA-binding activity (2.9-fold) in the remnant livers of WT mice. Corresponding to the impairment of Egr-1 protein expression, Egr-1 DNA-binding activity of nuclear proteins from the remnant livers (30 min) of P2Y2Ϫ/Ϫ mice was impaired by 56% (Fig. 3C) . Further validating the influence of P2Y2 purinergic receptor signaling on early events associated with regenerating livers, induction of AP-1 DNA-binding activity was attenuated in P2Y2Ϫ/Ϫ livers at 0.5 h post-PH (Fig. 3D) .
In addition to its role as immediate early gene influencing hepatocyte priming (G 0 to G 1 ) in regenerating livers, studies with Egr-1Ϫ/Ϫ have highlighted important roles for Egr-1 in hepatocellular G 1 /S-phase transition and metaphase-to-anaphase mitotic progression following peak DNA synthesis. We evaluated induction of Egr-1 mRNA expression at early time points (0.5-6 h) as well as hepatocyte proliferative phase (12-72 h) in the WT and P2Y2Ϫ/Ϫ remnant livers post-PH. Egr-1 mRNA induction was significantly elevated at 0.5 h (G 0 /G 1 transition) and 24 h (G 1 /S transition) post-PH. Interestingly, early induction of Egr-1 (0.5 h) was attenuated in P2Y2Ϫ/Ϫ; however, Egr-1 induction at 24 h was not dependent on P2Y2 (Fig. 3E) .
ATP␥S treatment alone is sufficient to induce ERK-dependent Egr-1 protein expression in primary mouse hepatocytes in vitro. To determine whether ATP treatment alone, via the activation of P2Y2 purinergic receptors, was sufficient to activate hepatocyte p42/44 ERK activation and to rule out the possibility that ATP treatment effects are influenced by ATP breakdown products such as ADP and adenosine, primary hepatocytes isolated from WT and P2Y2Ϫ/Ϫ were treated with ATP␥S, and total cell lysates were analyzed by Western blotting for the activation of p42/44 ERK (phosphorylation at Thr 202 and Tyr 404 ). ATP␥S treatment alone was sufficient to induce p42/44 ERK activation in isolated mouse primary hepatocytes from WT mice in vitro, with significant impairment of the induction of p42/44 ERK activation in P2Y2Ϫ/Ϫ hepatocytes (Fig. 4A) .
To determine whether ATP␥S treatment alone was sufficient to induce Egr-1 protein expression, primary mouse hepatocytes isolated from WT mice and maintained under serum-and mitogen-free conditions for 24 h were treated with 100 M ATP␥S, for 1-6 h. Total protein extracts were analyzed by Western blotting. ATP␥S treatment alone was sufficient to induce a transient and robust induction of Egr-1 in primary mouse hepatocytes (Fig. 4B) . Pretreatment of hepatocytes with p42/44 ERK inhibitor PD98059 (10 M) blocked ATP␥S-mediated induction of Egr-1, suggesting a role for p42/44 ERK in Egr-1 expression (Fig. 4C) .
Egr-1 protein induction in response to ATP␥S treatment is attenuated in P2Y2Ϫ/Ϫ hepatocytes. To determine whether ATP␥S-mediated effect on hepatocyte Egr-1 protein induction is mediated via the activation of P2Y2 purinergic receptors, primary hepatocytes isolated from the WT and P2Y2Ϫ/Ϫ were treated with ATP␥S for 1 h. ATP␥S treatment led to a 5.7-fold induction of Egr-1 protein expression in the WT. Despite a modest elevation of basal Egr-1 protein expression, no further induction of Egr-1 protein expression was detectable in P2Y2Ϫ/Ϫ hepatocytes (Fig. 4D) .
Early induction of cytokines and cytokine-mediated signaling was comparable between the WT and P2Y2Ϫ/Ϫ livers. Although extracellular ATP and P2 purinergic receptor activation can induce cytokine synthesis and release in cells of monocyte/macrophage lineage, there is no evidence for a role for P2Y2 purinergic receptor-mediated signaling in the elevation of cytokines such as TNF-␣ and IL-6 in response to PH. Our data suggest that induction of TNF-␣ and IL-6 (0.5-12 h post-PH) in response to PH were comparable between the WT and P2Y2Ϫ/Ϫ regenerating livers (Fig. 5A) . Furthermore, early activation of NF-B DNA binding activity (1 h) and phosphorylation of STAT-3 (3 h; Tyr 785 ), targets of cytokine signaling were comparable between the WT and P2Y2Ϫ/Ϫ livers (Fig. 5, B and C) .
Early activation of ␤-catenin is attenuated in P2Y2Ϫ/Ϫ. Activation and nuclear translocation of ␤-catenin is an early event in response to PH and toxic liver injury (2, 50) . Activated ␤-catenin is a known mediator of cyclin D1 expression and hepatocyte proliferation in regenerating livers. To determine whether P2Y2 purinergic receptors influence early activation of ␤-catenin in regenerating livers, nuclear protein extracts of resected lobes (0 h) and remnant livers harvested at 5, 15, 30, and 60 min and 3 h post-PH from the WT and P2Y2Ϫ/Ϫ mice were analyzed by Western blotting for ␤-catenin. Nuclear accumulation of ␤-catenin was apparent at 30 min (31%, P Ͻ 0.05) and 60 min (45%, P Ͻ 0.05) post-PH in the WT, which was attenuated in P2Y2Ϫ/Ϫ livers (30 min, 15%; 60 min, 6%; P Ͼ 0.05) (Fig. 5D) .
Phosphorylation and activation of c-Met is attenuated in P2Y2Ϫ/Ϫ. Previous studies have established the importance of hepatocyte growth factor (HGF␣)-mediated activation of cMet signaling for hepatocyte proliferation in response to PH (10, 20) . Our data suggest that induction of HGF␣ mRNA expression in response to PH was comparable between the WT and P2Y2Ϫ/Ϫ livers (Fig. 6A) . However, it has been previously shown that P2Y2 purinergic receptor activation has the potential to modulate growth factor responses via ligandindependent transactivation of receptor tyrosine kinases (41, 62) . Phosphorylation of c-Met at Tyr1234/1235 is critical for kinase activation and downstream mitogenic signaling. Suggesting a role for P2Y2 purinergic receptors' influence on HGF␣ c-Met signaling in regenerating livers, c-Met phosphorylation at Tyr1234/1235 was significantly attenuated in P2Y2Ϫ/Ϫ at 45 and 72 h post-PH, compared with WT (Fig. 6B) .
P2Y2Ϫ/Ϫ remnant livers undergo hepatocyte hypertrophy. Despite impaired proliferation of hepatocytes in P2Y2Ϫ/Ϫ livers, liver regrowth as assessed by measuring liver weight-tobody weight ratios, were comparable between WT and P2Y2Ϫ/Ϫ mice, at 1-8 days after hepatectomy (Fig. 7A) . A modest but statistically significant difference was observed at 72 h post-PH, which was not maintained at later time points. Interestingly, significant hepatocyte hypertrophy was evident in the P2Y2Ϫ/Ϫ livers at 8 days post-PH, with a 30% increase in cell size compared with the WT livers (Fig. 7B) . To begin to address the cellular mechanisms responsible for the induction of compensatory hepatocyte hypertrophy observed in P2Y2Ϫ/Ϫ, we first assessed the activation status of nuclear receptor CAR (constitutive androstane receptor) in response to PH of the WT and P2Y2Ϫ/Ϫ. CAR is a key mediator of xenobiotic stress, via its nuclear translocation, and activation of target genes induces both hepatocyte hypertrophy and hepatocyte proliferation (16, 59) . Nuclear protein extracts isolated from the remnant livers were analyzed by Western blotting for CAR protein expression, which was comparable between the WT and P2Y2Ϫ/Ϫ at 8 days post-PH (Fig. 7C) . Therefore, it is unlikely that CAR activation plays a predominant role in the induction of hepatocyte hypertrophy in P2Y2Ϫ/Ϫ remnant livers.
Previous studies have suggested a role for activation of mammalian target of rapamycin (mTOR) in the regulation of cell growth, especially when cell proliferation is impaired (28, 29) . mTOR, a Ser/Thr protein kinase and a key ATP and nutrient sensor, upon phosphorylation and activation signals protein synthesis and cell growth (73) . We reasoned that in the absence of optimal liver mass recovery due to attenuated hepatocyte proliferation in P2Y2Ϫ/Ϫ, hepatocyte hypertrophy mediated via activation of mTOR signaling may be necessary, to meet the metabolic demands of regenerating liver. Our analysis of total protein extracts by Western blotting revealed that mTOR phosphorylation (Ser2448) and activation were increased (66%) in the remnant livers of P2Y2Ϫ/Ϫ at 8 days post-PH (Fig. 7D) .
DISCUSSION
Despite recent progress in our understanding of the mechanisms of liver regeneration, the molecular identity of humoral factor(s) that serve as the initial trigger for the activation of hepatocytes to undergo cell-cycle progression in response to PH is not well understood. It has long been speculated that shear stress experienced by the hepatic parenchyma in response to PH and the associated hemodynamic changes in the remnant livers play a major role in the initiation of liver regeneration (1) . Discrete release of nucleotides in response to a variety of cellular stresses including shear stress has been observed in many cell types (12) . Studies by Crumm et al. (14) , focusing on very early time points (minutes) after PH, suggest that rapid release of ATP generates early stress signals that contribute to the onset of liver regeneration. Recent studies focusing on extracellular ATP phosphohydrolysis further highlight the importance of extracellular nucleotides as key regulators of liver regeneration (6, 8, 27) .
Although the effects of extracellular ATP can be mediated via the activation of multiple P2 purinergic receptor isoforms expressed in the liver, and recent studies suggest a role for P2Y2 receptor activation in hepatocyte proliferation, the molecular mechanisms and mediators of P2Y2 receptor signaling in regenerating livers remain unexplored (5, 67) . Moreover, studies performed in rodents and humans subjected to PH suggest that peak ATP release in response to hepatectomy occurs within 5 min of hepatectomy (25, 27) . These findings prompted us to first analyze early events influenced by extracellular ATP and P2Y2 receptor activation in regenerating livers.
Our results suggest that early activation of p42/44 ERK MAPK signaling within 5 min of hepatectomy is dependent on intact P2Y2 receptor signaling in remnant livers. ERK activa- tion influences transcriptional upregulation of several immediate early genes such as c-fos/c-jun (AP-1), serum response factor, and Egr-1, which are crucial for efficient hepatocyte priming in regenerating livers (17) . In the present study, we identify that the efficient activation of Egr-1 and AP-1 DNAbinding activity as early as 30 min posthepatectomy depends on intact P2Y2 purinergic receptor signaling in regenerating livers. Peng et al. (54) first identified the role of Egr-1 activation as an early event in liver regeneration. Studies by Liao et al. (40) identified a role for Egr-1 in liver regeneration with Egr-1 null mice, which exhibited impaired hepatocellular metaphase-to-anaphase mitotic progression and liver regeneration. Pritchard et al. (56) reported that Egr-1 is required for timely cell cycle entry (G 0 to G 1 ) and G 1 /S phase transition of hepatocytes in response to toxic liver injury. Egr-1 expression is under the influence of a wide array of cytokines and growth factors in the liver. The present study provides experimental evidence that, in vitro, extracellular ATP alone was sufficient to induce ERK activation and Egr-1 protein expression in hepatocytes, and that, in vivo, P2Y2Ϫ/Ϫ mice had impaired ERK activation at 5 min and Egr-1 protein expression and function at 30 min post-PH. These findings are highly suggestive of the idea that extracellular ATP-mediated activation of P2Y2 purinergic receptor activation is a crucial early event important for efficient hepatocyte proliferation in regenerating livers (Figs. 3 and 4) . ATP treatment induces proliferative responses in multiple cell types, including vascular smooth muscle cells, endothelial cells, cardiac fibroblasts, and embryonic stem cells via activation of proproliferative ERK/MAPK, phosphatidylinositol-3-kinase (PI3K)/Akt, and PKC signaling cascades (11, 19, 30) . Higher concentrations of ATP induce cell death in many cancer cell lines via activation of P2X receptor-mediated excessive calcium influx (13, 36, 71) . A recent study suggests a negative regulatory role for ATP in regenerating livers via its effects on modulating natural killer cell (NK cell) function (27) . Clearly, functional consequences of ATP-mediated signaling is dependent on multiple factors, i.e., acute and chronic changes in concentration of ATP in the extracellular milieu, cell type-and cell maturation-dependent changes in the expression of multiple P2Y and P2X receptor isoforms, and direct vs. indirect effects via its influence on nontarget cells.
Our in vivo studies highlight the importance of P2Y2 purinergic receptor function in the elicitation of effective proliferative response in response to 70% PH (Fig. 1) . Adult hepatocytes are highly differentiated quiescent cells, which remain in G 0 phase and rarely undergo cell division. Cell cycle progression in response to PH begins with hepatocyte "priming" marked by elevated cytokines such as TNF-␣ and IL-6 and cytokine-mediated induction of cell signaling (ERK, JNK, MAPK), transcription factor activation (NF-B, STAT-3), and immediate early gene expression (Egr-1, c-fos, c-jun). During priming phase, hepatocytes transition from G 0 to G 1 and gain replicative competence. Significance of early priming events associated PH and their role in enhancing hepatocyte responsiveness to growth factors and efficient hepatocyte cell cycle progression is underscored by observations that growth factor infusion alone (without PH) was not sufficient to induce sustained hepatocyte proliferation and liver regeneration (68) . Interestingly, TNF-␣ and IL-6 cytokine induction and transcriptional activation of NF-B and STAT-3 were comparable between the WT and P2Y2Ϫ/Ϫ. P2Y2Ϫ/Ϫ livers exhibit distinct deficits in early activation of ERK signaling and transcriptional activation of immediate early genes (Egr-1, AP-1) in regenerating livers. Thus the present studies have uncovered cytokine-independent and P2Y2 purinergic recep- tor-dependent early priming events necessary for efficient hepatocyte proliferation in response to PH.
P2Y2 purinergic receptors are G protein (G␣ q or G␣ 0 )-coupled cell surface receptors. Extracellular nucleotide-mediated activation of P2Y2 purinergic receptors induce calcium signaling via activation of phospholipase C-and inositol triphosphate-3-dependent calcium release from intracellular stores. Recent studies have defined the functional significance of calcium signaling for efficient hepatocyte cell cycle progression from G 0 to G 1 and S phases in regenerating livers (15, 38, 52) . Among the many intracellular mitogenic targets of calcium signaling, p44/42 ERK MAPKs are well-known mediators of hepatocyte cell cycle progression at the G 1 phase and S phase entry (9, 24, 57, 65) . In this study, we provide evidence that both ERK MAPK activation in response to 70% PH in vivo and ATP-treatment of isolated hepatocytes in vitro were dependent on intact P2Y2 purinergic receptor expression in hepatocytes.
Previous studies have identified that ␤-catenin is activated early on in regeneration in response to PH and acetaminopheninduced toxic liver injury (2, 50) . Hepatocyte-specific deletion of ␤-catenin results in delayed hepatocyte proliferation in response to PH (61, 66) . Activated ␤-catenin translocates to nuclei and formation of ␤-catenin-T-cell factor/lymphoid enhancement factor complex influence target gene expression, i.e., cyclin D1, a key mediator of cell cycle progression at the G 1 phase of cell cycle (49) . Key molecular mediators of upstream of ␤-catenin activation in regenerating livers are not well understood; however, both Wnt-dependent and Wnt-independent activation have been implicated (49) . Recent studies have identified that growth factor-mediated activation of receptor tyrosine kinases (HGF, EGF) and activation of protein kinase A (thyroid hormone) regulate ␤-catenin activation via phosphorylation at specific residues (21, 49, 75) .
Our results suggest that P2Y2 purinergic receptors influence early activation of ERK/MAPK signaling in regenerating livers. Interaction between ERK/MAPK and Wnt/␤-catenin pathways has been described in many cell types (74) . For example, GSK-3␤ is a negative regulator of Wnt/␤-catenin signaling and a key component of a cytosolic protein complex, which targets cytosolic ␤-catenin to proteosomal degradation. ERK activa- tion is known to inactivate GSK-3␤ activity by direct phosphorylation of S9. Alternatively, ERK-dependent phosphorylation and activation of a ribosomal S6 kinase (p90RSK or MAPK-activated protein kinase) phosphorylates and inactivates GSK-3␤. Therefore, ERK activation has the potential to synergize with Wnt/␤-catenin signaling by increasing the stability and subsequent nuclear translocation of ␤-catenin. Alternatively, there is evidence for cross talk between classical G protein-coupled receptors and ␤-arrestins and the scaffolding proteins critical for Wnt signaling such as Axins and members of the Disheveled (Dvl) family (23) . Future studies are required to identify mechanisms responsible for the potential cross-talk between P2Y2 purinergic receptor signaling, and mediators of early activation and nuclear translocation of ␤-catenin in regenerating livers.
P2Y2 purinergic receptors have 2 Src-homology-3 (SH3) binding domains in the intracellular COOH-terminus facilitating transactivation of growth factor receptors such as epidermal growth factor receptor (EGFR), vascular endothelial growth factor-2 (VEGFR-2), and nerve growth factor/TrkA via Src-dependent phosphorylation of receptor tyrosine kinases (3, 4, 41, 62, 69) . Interestingly, c-Met is a receptor tyrosine kinase and a key mediator of HGF signaling, which plays a major role in hepatocyte proliferation in regenerating livers (10, 34, 53) . Recent studies have identified ligand-independent and c-Srcmediated transactivation of c-Met receptor signaling influence proliferation in squamous cell carcinoma cell lines (63) . Our findings suggest that HGF␣ mRNA induction in response to PH was comparable between the WT and P2Y2Ϫ/Ϫ mice, yet c-Met phosphorylation and activation during hepatocyte proliferative phase (24 -72 h) was attenuated (Fig. 6) . It is likely that, in the absence of P2Y2 purinergic receptor-mediated transactivation, c-Met receptor phosphorylation is not optimal in regenerating livers.
Mirroring our observations on hepatocyte priming and proliferation in response to PH, our in vitro studies with isolated hepatocytes suggest that the P2Y2 purinergic receptors expressed in hepatocytes play a major role in extracellular ATPmediated mitogenic responses (Fig. 2) . Extracellular ATPmediated stepwise induction of cyclins D1, D3 (late G 1 ), and cyclin A (G 1 /S and G 2 /M) and hepatocyte proliferation (Sphase) as assessed by BrdU incorporation and PCNA protein induction were all attenuated in P2Y2Ϫ/Ϫ hepatocytes. ATP treatment alone was sufficient to induce BrdU incorporation in 36% of WT hepatocytes, whereas BrdU labeling was detected in only 15% of P2Y2Ϫ/Ϫ hepatocytes under the same conditions. These studies further validate the notion that extracellular ATP is a hepatic mitogen and its direct effects on hepatocyte cell cycle progression are largely dependent on intact P2Y2 purinergic receptor expressed in hepatocytes.
It is of interest to note that, despite defective hepatocyte proliferation in response to PH in P2Y2Ϫ/Ϫ, liver weight-tobody weight ratios were comparable potentially via the induction of compensatory hepatocyte hypertrophy in the P2Y2Ϫ/Ϫ remnant livers (Fig. 7B ). Similar recovery of liver mass without proliferation was observed in mice lacking Skp2 (Skp2Ϫ/Ϫ), a component of ubiquitin ligase complex that targets cell cycle inhibitor p27 kip1 for degradation (47) . Hepatocyte proliferation in response to PH was attenuated in Skp2Ϫ/Ϫ as a result of accumulation of p27 kip1 . However, loss of ability to proliferate was compensated for by increased hepatocyte hypertrophy, and liver mass recovery of Skp2Ϫ/Ϫ was comparable to WT mice at 7 days post-PH (47) . Similar observations were made with liver-specific STAT3-deficient mice (LS3-KO) subjected to 70% PH (28) .
Furthermore, analysis of responses to PH of mice with liver-specific deletion and mutation of phosphoinositide-dependent protein kinase 1 (PDK1) highlighted the significance of PI3K/PDK1/Akt/mTOR-dependent survival pathways in modulation of liver regeneration through hepatocyte size rather than proliferation (29) . mTOR is a key nutrient and amino acid sensor that regulates cell growth by promoting protein synthesis and inhibiting autophagy. Our results suggest that activation of mTOR signaling in the remnant livers of P2Y2Ϫ/Ϫ may play a role in the induction of compensatory hepatocyte hypertrophy and restoration of liver mass at 8 days post-PH (Fig. 7D) .
Liver growth in response to xenobiotic stress has been well described in humans and rodents. Nuclear receptors such as CAR and PXR are key mediators of both hepatocyte proliferation and hypertrophy (16) . Recent studies with "humanized" and knockout mice of CAR and PXR support their role in hepatocyte hypertrophy in response to xenobiotic stress in mice (59) . CAR activation differs from the prototypic nuclear receptor activation. Both ligand-binding and ligand-independent mechanisms can induce activation and nuclear translocation of CAR (72) . Our analysis of the nuclear extracts isolated from the remnant livers of the WT and P2Y2Ϫ/Ϫ at 8 days post-PH suggests that the induction of hepatocyte hypertrophy in P2Y2Ϫ/Ϫ remnant livers cannot be attributed to CAR activation (Fig. 7C) .
Despite the fact that hepatocyte proliferation is attenuated in response to PH, mechanisms responsible for the maintenance of optimal liver weight-to-body weight ratios ("hepatostat") are intact in P2Y2Ϫ/Ϫ (46) . Further studies are necessary to pinpoint the cellular mechanisms responsible for the induction of compensatory hepatocyte hypertrophy in P2Y2Ϫ/Ϫ in response PH and to determine the impact of hepatocyte hypertrophy on recovery of liver functions and response to acute and chronic stress.
In conclusion, extracellular ATP-mediated activation of P2Y2 purinergic receptor signaling plays a crucial role in the activation of early priming events and hepatocyte cell cycle progression and proliferation in response to PH (Fig. 8) . These findings underscore the importance of extracellular ATP as a potential humoral mediator of liver regeneration and highlight the functional significance of P2Y2 purinergic receptor signaling for efficient hepatocyte proliferation in regenerating livers. 
